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Blood banking-induced alteration of red blood cell oxygen release ability
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Background. Current blood banking procedures may not fully preserve red blood cell (RBC) 
function during storage, contributing to the decrease of RBC oxygen release ability. This study was 
undertaken to evaluate the impact of routine cold storage on RBC oxygen release ability. 

Materials and methods. RBC units were collected from healthy donors and each unit was split 
into two parts (whole blood and suspended RBC) to exclude possible donor variability. Oxygen 
dissociation measurements were performed on blood units stored at 4 °C during a 5-week period. 
2,3-diphosphoglycerate levels and fluorescent micrographs of erythrocyte band 3 were also analysed. 

Results. P50 and oxygen release capacity decreased rapidly during the first 3 weeks, and then did 
not change significantly. In contrast, the kinetic properties (PO2-t curve and T*50) of oxygen release 
changed slowly during the first 3 weeks of storage, but then decreased significantly in the last 2 weeks. 
2,3-diphosphoglycerate decreased quickly during the first 3 weeks of storage to almost undetectable 
levels. Band 3 aggregated significantly during the last 2 weeks of storage.  

Discussion. RBC oxygen release ability appears to be sensitive to routine cold storage. The 
thermodynamic characteristics of RBC oxygen release ability changed mainly in the first 3 weeks of 
storage, due to the decrease of 2,3-diphosphoglycerate, whereas the kinetic characteristics of RBC 
oxygen release ability decreased significantly at the end of storage, probably affected by alterations 
of band 3. 
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Introduction
Red blood cells (RBC) are considered ideal vehicles 

for delivering oxygen to tissues, but their properties and 
functions change during routine cold storage. Several 
studies suggest that RBC transfusions are associated 
with higher risks of morbidity and mortality and that 
the storage time of transfused blood is an independent 
risk factor for post-injury multiple organ failure1,2. RBC 
undergo a series of functional and structural changes 
during routine cold storage, which affect the quality 
of the blood and outcomes of clinical transfusion. 
Alterations in the rheological properties of RBC 
affect oxygen delivery in vivo. Reduced deformability 
results in impaired perfusion and oxygen delivery in 
peripheral tissues, and particularly rigid RBC might 
block capillaries directly3-5. 

The main purpose of RBC transfusion is to improve 
oxygenation. It is, therefore, very important to determine 
the oxygen release ability of stored RBC in vitro and 
to evaluate the impact of routine cold storage on RBC 
oxygen release ability. Typically, the oxygen release 
ability of stored RBC is characterised by oxygen affinity 
(P50), which can be determined by an oxygen dissociation 
curve in a thermodynamic equilibrium process6-9. It has 

long been known that the haemoglobin (Hb) oxygen 
affinity of banked RBC increases during liquid storage 
at 4 °C, which may be an explanation for the decreased 
ability of stored RBC to release oxygen10. 

Since 2,3-diphosphoglycerate (2,3-DPG) has been 
reported to bind with Hb specifically and reduce its 
oxygen affinity11,12, studies regarding the decrease 
in oxygen release ability of stored RBC have been 
focused mostly on intracellular 2,3-DPG levels13. 
In fact, 2,3-DPG decreases quickly during the first 
3 weeks of storage to almost undetectable levels, as 
common additive solutions for RBC do not maintain 
constant 2,3-DPG levels. Following in vivo transfusion,                  
2,3-DPG levels start to recover within several hours, but 
may take up to 72 hours to become almost normal14. 
For this reason, preventing or reversing the decrease of 
2,3-DPG during storage was identified as an important 
point for maintaining oxygen release function of stored 
RBC. Various attempts have been made to maintain 
high 2,3-DPG levels during storage15-19. In the 1990s, 
Meryman and Hornblower20 described "chloride 
shift" as a method to keep 2,3-DPG levels high by 
replacing extracellular chloride with an anion unable 
to permeate the RBC. Recently, Burger et al.21 reported 
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an improved additive solution, phosphate-adenine-
glucose-guanosine-gluconate-mannitol (PAGGGM), 
which maintains 2,3-DPG levels by an enhancing effect 
on phosphofructokinase activity during cold storage.

Almost all in vitro data indicated that 2,3-DPG levels 
of stored RBC were very important for the oxygen release 
function of the cells. However, this concept was not 
supported by the clinical consequences of transfusing RBC 
units completely depleted of 2,3-DPG22. An experimental 
study23 showed that when RBC were stored for 2-3 
weeks and were completely devoid of 2,3-DPG, their 
oxygen release capacity to the intestinal microcirculation 
in an oxygen-supply-dependent isovolaemic exchange 
model did not differ from that of "fresh" RBC (2-6 days 
old). The oxygen release capacity of RBC stored for 
5-6 weeks was reduced compared to that of fresh blood 
cells and RBC stored for an intermediate period. These 
studies suggest that RBC oxygen release ability is not 
comprehensively evaluated by only Hb oxygen affinity 
and 2,3-DPG levels. We, therefore, also used a kinetic 
analysis method to determine the oxygen release ability 
of stored RBC. 

In this study, RBC units from ten healthy blood 
donors were investigated. Each unit was split into two 
parts (whole blood and suspended RBC) to exclude 
possible donor variability. Thermodynamic parameters, 
such as Hb oxygen affinity (P50) and oxygen release 
capacity of whole blood and suspended RBC, were 
determined at various intervals in RBC units stored at 
4 °C for a 5-week period, to investigate the alteration of 
RBC oxygen release ability with storage time and the 
effect of banking procedures on RBC oxygen release 
ability. A parallel kinetic analysis was carried out and 
provided new information, from another perspective, 
on the oxygen release ability of RBC during storage. 
Other relevant characteristics, such as 2,3-DPG levels 
and erythrocyte band 3 (EB3) fluorescent micrographs, 
were also analysed. 

Materials and methods
Preparation and sampling of red blood cell units

Standard units of blood (400±40 mL) were drawn 
from ten healthy volunteer donors (Chongqing Blood 
Centre, Chongqing, China), and collected into standard 
sterile bags containing 56 mL CPDA-1 solution (sodium 
citrate dihydrate, 26.30 g/L; citric acid monohydrate, 
3.27 g/L; sodium dihydrogen phosphate dihydrate, 
2.22 g/L; adenine, 0.275 g/L; glucose, 31.9 g/L). After 
collection, the blood was split into two aliquots. One 
aliquot was used as whole blood and the other was 
used to prepare suspended RBC as follows: after a 
cooling period of 2 hours at room temperature, the 
buffy coat was extracted by filtration. RBC were 
isolated by centrifugation for 5 minutes followed by 

removal of the plasma, and addition of 50 mL MAP 
solution (sodium citrate dihydrate, 1.5 g/L; citric acid 
monohydrate, 0.2 g/L; sodium dihydrogen phosphate 
dihydrate, 0.94 g/L; sodium chloride, 4.97 g/L; adenine, 
0.14 g/L; glucose, 7.93 g/L; mannitol, 14.57 g/L; which 
is similar to SAGM and widely used in China) to the 
resting RBC. After preparation both the whole blood and 
the suspended RBC were stored under standard blood 
bank conditions at 2~6 °C for 5 weeks. 

Samples (5 mL) were aseptically withdrawn weekly 
from the RBC units for analysis. The plasma (red cell 
suspension liquid) of testing samples was separated for 
biochemical analysis by centrifugation at 3,500 rpm 
(650 g) for 10 minutes. Isolated RBC were washed 
twice in phosphate-buffered saline (PBS, pH 7.4). 
After washing, RBC were re-suspended in PBS 
solution containing 1 g/L glucose and 0.25 g/L bovine 
albumin at a haematocrit of 10% and incubated at room 
temperature (20 °C) for 60 minutes to overcome the 
pH effect in the subsequent measurements of oxygen 
release ability.

Thermodynamic analysis of red blood cell oxygen 
release ability 

The oxygen dissociation process and oxygen 
affinity were determined with a Hemox-Analyzer 
(TCS Scientific Corp, New Hope, PA, USA). After the 
measurements, RBC haemolysis was measured and 
the extent of RBC haemolysis controlled as <2% to 
demonstrate the reliability of the results.

In order to quantify RBC oxygen release ability, 
oxygen release capacity was calculated in this study 
and defined as the amount of oxygen delivered to 
tissues by 1g of Hb in a single circulation under normal 
physiological conditions and standard atmospheric 
pressure. Hamasaki et al.24 used a similar method to 
evaluate RBC oxygen release ability although they set 
the low point of Hb releasing oxygen as tissue oxygen 
tension (30 mmHg), whereas we chose the partial 
oxygen pressure in venous blood (40 mmHg) to get the 
average capacity of RBC to deliver oxygen to tissues 
by 1 g of Hb in a single circulation. 

In order to determine oxygen releasing capacity in 
experimental conditions, RBC were re-suspended in 
PBS solution at 37 °C, giving a final haematocrit of 
1%. Then high-oxygen mixed gas (78% nitrogen, 21% 
oxygen, 1% carbon dioxide) was introduced into the RBC 
suspension. Simultaneously, the partial oxygen pressure 
in the suspension was monitored by a Clark electrode. 
When the partial oxygen pressure reached 100 mmHg 
(the partial oxygen pressure in alveolar arterial blood), 
the Hb oxygen saturation was recorded as S1. Similarly, 
another oxygen saturation was recorded as S2 when 
the partial oxygen pressure in the RBC suspension was 
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lowered to 40 mmHg (the partial oxygen pressure in 
venous blood) by introducing low-oxygen mixed gas 
(95% nitrogen, 5% carbon dioxide). The oxygen release 
capacity of blood units could then be calculated using 
the following equation:

Q=1.34×(S1−S2)

where Q is the oxygen release capacity expressed as 
mL O2/gHb24.

Kinetic analysis of red blood cell oxygen release ability
In this study, the oxygen partial pressure changes 

of the RBC suspension (at a final haematocrit of 
1%) over time were determined under conditions 
of constant ventilation speed (standard atmospheric 
pressure, 37 °C, gas flow rate 13 mL/min) and a PO2-t 
curve was drawn to evaluate RBC oxygen release 
ability. In order to draw the PO2-t curve the RBC 
suspension was saturated by aeration with high-oxygen 
mixed gas (78% nitrogen, 21% oxygen, 1% carbon 
dioxide) until the partial oxygen pressure reached 
150.2 mmHg. Then low-oxygen mixed gas (95% 
nitrogen, 5% carbon dioxide) was introduced into the 
RBC suspension continuously until the partial oxygen 
pressure was <3 mmHg. The partial oxygen pressure 
and time were recorded during this process. After the 
measurements, RBC haemolysis was measured and the 
extent of RBC haemolysis was controlled at <2% to 
demonstrate the reliability of the results.

To get a deeper understanding of alterations in oxygen 
release ability of banked RBC, a parameter named T*50 
was determined in this study. T*50 was defined as the 
time needed for RBC oxygen saturation to decrease from 
100 to 50% under standard conditions. T*50 is associated 
with the total amount of RBC in solution, the properties 
of the RBC and the ventilation rate of experiments. If 
the amount of RBC, the ventilation rate, and the other 
conditions are fixed, the value of T*50 is suggested to 
be a property of the cells themselves. 

Measurements of 2, 3-DPG levels 
The concentration of 2,3-DPG was measured using 

a 2,3-DPG kit from Roche (Mannheim, Germany), as 
described elsewhere19. In brief, 600 µL RBC were diluted 
with 900 µL PBS (pH 7.4) and then acidified with 60 µL 
perchloric acid (70% wt/vol). After 20 minutes on ice, 
the extracts were centrifuged at 4 °C for 5 minutes at 
6,000 g, and 56 µL K2CO3 (5 mol/L) were added to 
1,000 µL protein-free supernatant for neutralisation.

Immunofluorescence and image analyses 
Immunofluorescence and image analyses of EB3 

were performed according to our previous report25. 

Briefly, RBC were permeabilised by 0.05% Triton 
X-100 and fixed with 4% paraformaldehyde and 0.05% 
glutaraldehyde in PBS. After being blocked with 3% 
bovine serum albumin and 0.1% Tween 20, cells were 
treated with primary antibodies (rabbit polyclonal to 
EB3; Abcam, Cambridge, UK) and secondary antibodies 
(anti-rabbit IgG; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), then washed three times in PBS. 
Fluorescence was imaged using an Olympus IX71 
microscope (Olympus, Tokyo, Japan). 

Statistical analysis
Data are presented as means±standard deviation 

(SD) and tested for statistical significance with the t-test. 
Differences are considered to be statistically significant 
when the P value is less than 0.05 (SPSS ver. 16.0; SPSS 
Inc., Chicago, IL, USA).

Results
Alteration of haemoglobin oxygen affinity (P50) 

P50, as an indicator of Hb oxygen affinity, describes 
RBC oxygen release ability from the thermodynamic 
perspective. Figure 1 depicts the Hb oxygen affinity 
as represented by P50 at different periods of storage. 
Blood storage induced an increase in Hb oxygen 
affinity. P50 of whole blood and suspended RBC both 

Figure 1 - Alteration of P50 during storage. 
 P50 of both whole blood (○) and suspended RBC 

(□) decreased significantly during the first 3 weeks, 
after which the reduction was not significant. The 
P50 of suspended RBC was lower than that of whole 
blood in the first week of storage. Results shown are 
the mean±SD of 10 units. Whole blood: **p<0.01; 
***p<0.001. Suspended RBC: ##p<0.01; ###p<0.001. 
Whole blood vs suspended RBC:    p<0.01. 

 Hb: haemoglobin; RBC: red blood cell. 

Storage time (days)
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decreased significantly (p<0.01) during the early 
period of storage (the first 3 weeks); thereafter, the 
reduction of P50 was not statistically significant. The 
P50 of suspended RBC was lower than that of whole 
blood in the first week of storage (p<0.01).

Alteration of red blood cell oxygen release capacity 
during storage 

Intuitively, oxygen release capacity can reflect 
the quantitative changes of RBC oxygen release 
ability during the storage process. Figure 2 depicts 
RBC oxygen release capacity decreasing regularly 
with time. This parameter of whole blood was 
significantly reduced in the first 3 weeks of storage 
(p<0.01). In the following weeks RBC oxygen 
release capacity decreased slowly. At the end of 
cold storage (week 5), oxygen release capacity 
was reduced to 39% that of "fresh" whole blood. 
Similarly, the oxygen release capacity of suspended 
RBC decreased 42% in the first 3 weeks, and then 
the reduction over time was not significant. After 35 
days of storage the suspended RBC retained 51% of 
their oxygen release capacity.

Alteration of the PO2-t curve during storage
An alteration of the PO2-t curve provided 

direct data regarding the change of RBC oxygen 
release ability during cold storage from a kinetic 
perspective. Figure 3 depicts PO2-t curves for whole 
blood (Figure 3A) and suspended RBC (Figure 3B) at 
different times of storage. The PO2-t curves of both 
groups shift to the left as storage time increases. At 

Figure 3 - PO2-t curve of whole blood (A) and suspended RBC (B) at different storage times. 
 (●) PBS solution; (○) RBC at day 0 before storage; (□) RBC stored for 7 days; (△) RBC stored for 14 days; 

(▽) RBC stored for 21 days; (◇) RBC stored for 28 days; (×) RBC stored for 35 days. Error bars are not 
shown to eliminate figure clutter.

Figure 2 - Alteration of oxygen release capacity. 
 Oxygen release capacity of both whole blood (○) 

and suspended red blood cell (RBC) (□) decreased 
significantly during the first 3 weeks. Results shown 
are mean±SD of 10 units. Whole blood: **p<0.01; 
***p<0.001. Suspended RBC: ##p<0.01; ###p<0.001. 

 Hb: haemoglobin; RBC: red blood cell; SD: standard 
deviation.

the end of storage, the curves approached the PO2-t 
curve of PBS buffer. Unlike the alterations of RBC 
oxygen release capacity and Hb oxygen affinity, 
the PO2-t curve altered little in the first 3 weeks of 
storage, but changed significantly in the last 2 weeks.

Storage time (days)
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Alteration of T*50
As a kinetic parameter, T*50 was determined by the 

properties of the RBC themselves in our experimental 
conditions (standard atmospheric pressure, 37 °C, gas 
flow rate 13 mL/min). During routine cold storage, the 
T*50 of whole blood group and suspended RBC decreased 
(Figure 4). T*50 decreased slowly during the first 3 weeks of 
storage and then more sharply in the last 2 weeks of storage 
(p<0.01, p<0.001). The T*50 value of normal human RBC 
was about 14.36 min in our standard experimental conditions.

Alteration of 2,3-DPG 
Routine cold storage has a large effect on intracellular 

2,3-DPG concentration. During storage of whole blood 
and suspended RBC, 2,3-DPG levels decreased rapidly 
(p<0.001) in the first 3 weeks of storage to almost 
undetectable levels (Figure 5). The 2,3-DPG levels 
in suspended RBC were higher than those in whole 
blood units after 2 weeks of storage (p<0.01), but not 
significantly different in the first week. 

Alteration of EB3 fluorescent micrographs 
Immunofluorescence and image analyses of EB3 in 

fresh blood and banked RBC are presented in Figure 6. 
Fluorescent micrographs show that band 3 proteins 
distributed evenly in the RBC membrane and there 
were no observable changes during the first 3 weeks. 
However, band 3 aggregated after 28 days of storage 
and the presence of band-3 aggregates further increased 
in the last week, which suggested that the structure and 
function of band 3 altered significantly during the last 
2 weeks of storage.  

Discussion
It is known that RBC oxygen affinity increases 

during routine cold storage and 2,3-DPG regulates 
RBC oxygen release capacity by changing the Hb 
oxygen affinity10,12. These phenomena were supported 
by the clear alterations of thermodynamic parameters, 
particularly in the early period of storage (the first 3 
weeks). The P50 value and oxygen release capacity 
in whole blood and suspended RBC both decreased 
rapidly during the first 3 weeks of storage, together with 
the drop in 2,3-DPG levels. After 3 weeks of storage, 
the P50 values of whole blood and suspended RBC did 
not change significantly as 2,3-DPG had decreased to 
almost undetectable levels. The oxygen release capacity 
decreased in a similar manner: after 3 weeks the oxygen 
release capacity in whole blood group was reduced about 
51%, while that of suspended RBC decreased about 42% 
compared to "fresh blood". 

2,3-DPG, an intermediate metabolite in the Embden-
Meyerhof glycolytic pathway, plays an important 
role in RBC oxygen release11. Our results showed 

Figure 5 - 2,3-DPG concentration. 
 2,3-DPG decreased rapidly, and 2,3-DPG levels in 

suspended RBC became higher than those in whole 
blood units after 2 weeks of storage; they were not 
significant different between the two groups in the 
first 2 weeks. (○) whole blood group; (□) suspended 
RBCs group. Results shown are mean ± SD of 10 units. 
Whole blood: **p<0.01; ***p<0.001. Suspended 
RBC: ##p<0.01; ###p<0.001. Whole blood vs 
suspended RBC:    p<0.01.

 2,3-DPG: 2,3-diphosphoglycerate; Hb: haemoglobin; 
RBC: red blood cell; SD: standard deviation. 

Figure 4 - Alteration of the kinetic parameter T*50. 
 T*50 of whole blood (○) and suspended RBC (□) 

decreased slowly during the first 3 weeks, and then 
decreased sharply in the last 2 weeks of storage. Results 
are mean ± SD of 10 units. Whole blood: **p<0.01; 
***p<0.001. Suspended RBC: ##p<0.01; ###p<0.001.

 RBC: red blood cell; SD: standard deviation. 

Storage time (days)

Storage time (days)
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that intracellular 2,3-DPG levels of whole blood and 
suspended RBC decreased rapidly during storage, 
especially in the first 3 weeks. This confirms that the 
decrease in oxygen release capacity and P50 of stored 
RBC in the early storage period is primarily due to 
the decrease of 2,3-DPG levels. However, the oxygen 
affinity of stored RBC could not be regulated when 
2,3-DPG was completely depleted. This is a limitation 
of thermodynamic analysis, which describes the impact 
of 2,3-DPG levels on RBC oxygen affinity during the 
storage but is not consistent with the clinical outcomes 
of 2,3-DPG-depleted blood transfusion. 

In this study, a kinetic analysis was carried out to 
determine RBC oxygen release ability as oxygen transfer 
is a dynamic process in vivo and thermodynamic analysis 
was not able to comprehensively evaluate oxygen release 
function of stored RBC. The PO2-t curve is a direct way to 
describe the oxygen release function of an oxygen-carrying 
solution. The RBC can be seen as an "oxygen storage pool", 
holding more oxygen in solution. The Hb-binding oxygen 
dissociated into the solution, adding the physical dissolved 
oxygen and delaying the decrease of oxygen partial pressure 
when hypoxic gases pass through continuously. The content 
of Hb-binding oxygen and its dissociation determined the 
decay time and the downward trend of the curve under the 
same conditions. The results showed that, compared with 
PBS buffer, the RBC suspension PO2-t curve decay rate was 
slow with hypoxic gas passing through, and the PO2-t curve 
had a slightly S-shaped characteristic. The PO2-t curve 
shifted to the left with increasing storage time, continuously 
approaching the curve of the PBS buffer. However, unlike 
the alterations of the thermodynamic parameters, the PO2-t 
curves of whole blood and suspended RBC both changed 
slowly during the first 3 weeks of storage, and then altered 
significantly in the last 2 weeks. 

Like the PO2-t curve, the kinetic parameter T*50 
also changed sharply in the last 2 weeks of storage. In 
contrast to the thermodynamic analysis, kinetic data 
indicated that the sharp decrease in oxygen release 

ability of stored RBC appeared primarily at the end of 
storage. This suggests that kinetic analysis describes 
another alteration in oxygen release function of stored 
RBC during storage which is not due to the decrease of 
2,3-DPG. The changes in kinetic parameters were more 
consistent with the clinical consequences of oxygen 
release ability of stored RBC than were the alterations 
of thermodynamic parameters and 2,3-DPG levels22,23,26. 

It is important to note that the mechanisms of blood 
banking-induced alterations of RBC oxygen release 
kinetic properties are not clear. One possible explanation 
is that oxygen release kinetic parameters of stored 
RBC are regulated by the "Bohr effect", which works 
efficaciously depending on RBC membrane protein band 
3 (anion exchanger)27,28. During routine cold storage, 
band 3-associated modifications were observed after 2-3 
weeks of storage29 and band 3 oligomers were detected 
after the 24th day of storage30. Our results also verified 
that critical alterations of band 3 protein occurred during 
the last 2 weeks of storage. These changes of band 3 may 
disrupt the regulation of RBC oxygen release function by 
the "Bohr effect". In fact, blood oxygen affinity changes 
dynamically in vivo under the influence of the Bohr 
effect. In the lung capillaries the efflux of carbon dioxide 
increases Hb oxygen affinity, while in the tissue capillaries 
entry of carbon dioxide promotes the release of oxygen 
by decreasing Hb oxygen affinity31,32.

Conclusions
In summary, routine cold storage has a major 

impact on RBC oxygen release  and the properties 
of banked blood. Thermodynamic analysis indicated 
that RBC oxygen release ability decreased rapidly 
in the first 3 weeks of storage, which was due to the 
decrease of 2,3-DPG levels. However, thermodynamic 
analysis could not give an explanation for the clinical 
consequences of completely 2,3-DPG-depleted RBC 
units, which do not seem to be that significant. Kinetic 
analysis offered a more consistent result with in vivo 

Figure 6 - Fluorescent micrographs of fresh blood and stored RBC after immunostaining with monoclonal antibodies to EB3. 
The arrows indicate protein clusters after cold storage. RBC: red blood cell; EB3: erythrocyte band 3.

Fresh blood RBC stored for 21 days RBC stored for 28 days RBC stored for 35 days
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studies in that RBC oxygen release ability changed 
slowly for the first 3 weeks, then decreased significantly 
during the last 2 weeks of storage. Though the specific 
mechanism was not clear, changes to band 3 may play 
an important role in banking-induced alterations of RBC 
oxygen release kinetic properties through the Bohr effect.
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